The scotogenic model proposed by Ernest Ma represents an attractive and minimal example for the generation of small Standard Model neutrino masses via radiative corrections in the dark matter sector. In this paper, we demonstrate that, in addition to neutrino masses and dark matter, the scotogenic model also allows to explain the baryon asymmetry of the Universe via low-scale leptogenesis. First, we consider the case of two right-handed neutrinos (RHNs) N1,2, for which we provide an analytical argument why it is impossible to push the RHN mass scale below M min 1
I. INTRODUCTION
The baryon asymmetry of the Universe (BAU) -conventionally quantified in terms of the cosmic baryonto-photon ratio η obs B
· 10
−10 [1, 2] -cannot be explained within the Standard Model (SM) of particle physics. It, thus, provides compelling evidence for the existence of new physics beyond the SM. An attractive possibility to dynamically generate the BAU in the early Universe is baryogenesis via leptogenesis [3] . In its standard formulation, leptogenesis is closely related to the type-I seesaw mechanism [4] [5] [6] [7] [8] that aims at explaining the small SM neutrino masses by introducing two or more sterile right-handed neutrinos (RHNs) N i with large Majorana masses M i . In standard thermal leptogenesis, the heavy RHNs are produced through scatterings in the thermal bath, before their CP -violating out-of-equilibrium decays generate a primordial lepton asymmetry. This lepton asymmetry is subsequently converted into a baryon asymmetry by electroweak sphaleron processes. For a recent series of review articles on leptogenesis, see [9] [10] [11] [12] [13] [14] .
An intrinsic limitation of standard thermal leptogenesis is that it requires a very high RHN mass scale. In the simplest scenario, sometimes referred to as vanilla leptogenesis, one finds, e.g., an absolute lower bound on the mass of the lightest RHN of about M min 1
10
9 GeV [15] [16] [17] [18] . Flavor effects allow to lower this bound by an additional * thomas.hugle@mpi-hd.mpg.de † moritz.platscher@mpi-hd.mpg.de ‡ kai.schmitz@mpi-hd.mpg.de order of magnitude, M min 1 10 8 GeV [19] , but not much further. The high RHN mass scale in standard thermal leptogenesis is due to the fact that the CP asymmetry in RHN decays is proportional to the product of active and sterile neutrino masses. The tiny SM neutrino masses therefore necessitate large RHN masses, a relation that was first pointed out by Davidson and Ibarra (DI) [15] .
A high RHN mass scale is problematic, or at least undesirable, for several reasons. First of all, RHN masses far above the electroweak scale preclude the possibility of directly probing the dynamics of leptogenesis in future collider experiments [13] . Second, in the type-I seesaw model, the RHNs contribute to the renormalization group running of the SM Higgs mass parameter µ 2 . For large RHN masses, a µ 2 parameter around the electroweak scale is therefore necessarily fine-tuned, which may be regarded as a naturalness problem [20] . And third, a future detection of lepton number violation at low energies may readily rule out high-scale leptogenesis altogether [21] [22] [23] . Taken together, these observations serve as a motivation to seek alternatives to the paradigm of standard thermal leptogenesis in the type-I seesaw model that manage to generate the BAU at a (much) lower RHN mass scale.
The main purpose of this paper is to present a promising example for such a low-scale alternative to standard thermal leptogenesis. To this end, we will carry out an in-depth study of thermal leptogenesis in Ernest Ma's scotogenic model of radiative neutrino masses [24] . This model, which is arguably the simplest model of radiative neutrino masses, is particularly attractive as it unifies the generation of SM neutrino masses with the physics of dark matter (DM). The scotogenic model enlarges the SM field content by a second SU (2) L scalar doublet η and at least two RHNs N i , all of which are supposed to transform odd under an exact Z 2 symmetry. The Z 2 symmetry serves two purposes. It stabilizes the lightest Z 2 -odd state, such that it becomes a good DM candidate, if it is electrically neutral, and it prevents the η doublet from obtaining a nonzero vacuum expectation value (VEV), so that no neutrino masses can be generated at tree level. This renders the SM neutrino masses scotogenic, i.e., they only arise via radiative corrections in the dark sector. In this way, the scotogenic model offers a natural explanation for the suppressed masses of the active SM neutrinos.
Leptogenesis can proceed via a variety of mechanisms in the scotogenic model, depending on the details of the mass spectrum in the Z 2 -odd sector. Here, an important question is the choice of the mass eigenstate that is supposed to account for DM. In principle, one faces two options. DM can either be fermionic and consist of the lightest RHN N 1 [25] [26] [27] or it can be bosonic and consist of the lightest neutral component in the scalar η doublet [28] [29] [30] [31] [32] [33] [34] [35] [36] . In the former case, the DM relic density is sensitive to the neutrino Yukawa couplings, while in the latter case, it mostly depends on the scalar and gauge interactions of the particles in the η multiplet. As it turns out, DM in the form of RHNs typically requires large Yukawa couplings, which implies an efficient washout of lepton asymmetry during leptogenesis [37] . In the fermionic DM scenario, it is therefore impossible to realize ordinary thermal leptogenesis via the decay of RHNs with a hierarchical mass spectrum. Instead, one has to resort to alternative mechanisms, such as, e.g., resonant leptogenesis [38, 39] (see [40] for an explicit study). Similarly, it ought to be possible to generate the BAU via the Akhmedov-Rubakov-Smirnov mechanism of RHN oscillations [41] and/or via CP -violating Higgs decays [42, 43] in the fermionic DM case (albeit an explicit study of such a scenario is still pending). All these alternative realizations of thermal leptogenesis require an approximate degeneracy in the RHN mass spectrum. This corresponds to an extra physical assumption which needs to be justified by an additional theoretical ingredient (such as, e.g., a flavor symmetry). However, a priori, the scotogenic model does not require any such additional assumption to explain the low-energy neutrino data. Therefore, we shall ignore the possibility of resonant leptogenesis and focus on the case of hierarchical RHNs in the following. In addition, we recall that the large Yukawa couplings in the fermionic DM case easily lead to a violation of constraints on lepton flavor violation [44] [45] [46] . For these reasons, we will settle for the second option and assume that DM consists of scalar η particles in this paper. In summary, this means that we will consider a mass spectrum of the form,
where i = 1 or i = 1, 2 and where m η denotes the mass of the η multiplet before electroweak symmetry breaking.
There exist various studies of thermal leptogenesis in the scotogenic model in the literature. Ma himself was the first to point out that the scotogenic model could serve as a simultaneous explanation of SM neutrino masses, DM, and the BAU [37] . More detailed studies were subsequently presented in [47] [48] [49] [50] . However, it seems that none of these studies is fully exhaustive. The analyses in [47, 48] , e.g., focus on very particular choices for the neutrino Yukawa couplings motivated by the experimental data on the neutrino mixing angles. However, they neglect all flavor effects in the computation of the lepton asymmetry. This does not really capture the essence of the problem, since unflavored leptogenesis is actually independent of the parameters in the lepton mixing matrix [9] (see also Eq. (21) below). In any case, it is evident that the studies in [47, 48] only cover a small part of the available parameter space. Meanwhile, the analysis in [49] is mostly concerned with the study of general parameter relations in the RHN sector. It does not intend to reproduce the neutrino oscillation data and, thus, only incorporates an order-of-magnitude estimate of the active neutrino mass scale. But more importantly, it derives all numerical results in the limit of only two RHNs. This is surprising, as one can show on rather general grounds that the predictions of the scotogenic model in the two-RHN (2RHN) limit do not substantially differ from those in the type-I seesaw model (see our discussion in Sec. IV). Moreover, the three studies in [47] [48] [49] all resort to a resonant enhancement of the CP asymmetry at one point or another. As we will see in this paper, this is actually not necessary for RHN masses down to M min 1 ∼ 10 TeV. Finally, the analysis in [50] studies thermal leptogenesis in two-Higgs-doublet models from a more general perspective. It properly accounts for the low-energy neutrino data, but only provides a few analytical estimates and refrains from actually solving the corresponding set of Boltzmann equations. A more comprehensive summary of leptogenesis studies in extensions of the scotogenic model as well as other scotogenic-like models of radiative neutrino masses can be found in [51] .
The above considerations motivate us to revisit thermal leptogenesis via the decay of hierarchical RHNs in the scotogenic model and to re-evaluate the important question as to what extent the leptogenesis scale can be lowered in this model. In doing so, we will attempt to present transparent analytical arguments wherever possible.
The remainder of this paper is organized as follows. In the next section, we will introduce the scotogenic model and summarize its key features. In Sec. III, we will then collect all expressions that are necessary to study leptogenesis in the scotogenic model. Next, in Sec. IV, we will first discuss the case of two RHNs. This will lead us to the important conclusion that the 2RHN case does not really allow for any improvement over standard thermal leptogenesis in the type-I seesaw model. In Sec. V, we will finally turn to the core of our analysis and present a detailed analytical and numerical discussion of the three-RHN (3RHN) case. Sec. VI contains our conclusions.
II. THE SCOTOGENIC MODEL
We begin by summarizing the main properties of Ma's scotogenic model of radiative neutrino masses [24] . The new fields in this model are two or more RHNs N i as well as an inert Higgs doublet η. The interaction Lagrangian of these fields is reminiscent of the type-I seesaw scenario,
with the Yukawa couplings h αi , the SM lepton doublets
* and the Majorana masses M i . Note that η = 0 would break the Z 2 symmetry. Therefore, unlike in the seesaw scenario, no Dirac mass term is generated upon electroweak symmetry breaking. The scalar sector of the model includes the SM Higgs doublet H as well as the inert doublet η and is described by the potential
where all λ i can be chosen real without loss of generality. After electroweak symmetry breaking, the physical scalar states can be identified as
where the SM Higgs doublet VEV v = 246 GeV appears.
In the following, we shall assume that λ 4 ± λ 5 < 0 and λ 5 > 0. In this case, both the real scalar η R and the real pseudoscalar η I are lighter than the complex scalar η ± . Moreover, given our assumptions in Eq. (1), η I turns out to be the lightest state in the entire dark matter sector. This renders η I the DM candidate in our model. The case of inert doublet DM in the scotogenic model is well studied, and it is found that, for the mass range [28] [29] [30] [31] [32] [33] [34] [35] [36] 
the correct relic abundance can be achieved, while all constraints are evaded by adjusting the scalar couplings accordingly. On the other hand, for the purposes of leptogenesis, the only relevant scalar coupling turns out to be λ 5 .
Given the fields and couplings introduced above, the active neutrino mass matrix turns out to be [24, 52] 
where the function L helps us to simplify our notation,
We note that m
and, hence, the two real scalars η R and η I become degenerate in the limit λ 5 → 0. The masses in Eq. (6) then vanish and one can define a global U (1) lepton number symmetry. Therefore, λ 5 is a naturally small coupling in the sense of 't Hooft [53] .
It is convenient to introduce an adapted Casas-Ibarra (CI) parametrization [54] for the Yukawa matrix h. For this purpose, we rewrite Eq. (6) in matrix form as
where we introduced the diagonal matrix Λ with entries
and
The parameters ξ i are of order one in most of the parameter space of interest. Note that we split the inverse mass scales Λ i into factors which are also present in the type-I seesaw, 2M i /v 2 , and additional factors which are characteristic of the scotogenic model, (2π 2 /λ 5 ) ξ i . Following the notation of [54] , the in general complex symmetric mass matrix M ν is diagonalized by the PontecorvoMaki-Nakagawa-Sakata (PMNS) leptonic mixing matrix U [55, 56] 
T , and we find that the Yukawa couplings can be written as
where the arbitrary complex matrix R satisfies RR T = 1.
III. INGREDIENTS FOR LEPTOGENESIS
We now turn to the discussion of thermal leptogenesis in the scotogenic model. Our main goal in this paper will be to gain an analytical understanding of leptogenesis in the scotogenic model. In particular, we wish to highlight the relevant parameter relations that eventually result in the observed BAU. As we will see, this will provide us with new and valuable insights regarding the interplay of the active and sterile neutrino masses that significantly extend the existing results in the literature. Therefore, to keep the discussion clear and concise and to facilitate the analytical treatment, we will restrict our analysis to most the important physical effects only. That is, we will focus on the decays and inverse decays of N 1 neutrinos as well as on the corresponding ∆L = 2 washout processes. The asymmetries generated in N 2,3 decays together with any preexisting B −L asymmetry are negligible because of strong washout effects either mediated by the N 1 or the N 2,3 themselves. Accordingly, the initial or previously generated asymmetry is almost entirely washed out and only the N 1 contribution survives. Possible corrections to our analysis (which we will neglect) include ∆L = 1 scatterings [57, 58] , thermal corrections [17, 59] , flavor effects [60, 61] and quantum kinetic effects [62, 63] . A more comprehensive analysis taking into account some or even all of these effects is left for future work.
Let us now collect the various expressions and quantities that are necessary to describe thermal leptogenesis in the scotogenic model. Our conventions and notation are based on [18, 61] . The analytical relations from [18] that we will use in this paper are also valid for our model because the underlying Boltzmann equations turn out to be identical (cf. Sec. V B). As in standard thermal leptogenesis, we have to distinguish between a weak washout and a strong washout regime. The different regimes are characterized by different values of the decay parameter
with the N 1 decay width Γ 1 , the Hubble parameter H and z 1 := M 1 /T with temperature T of the photon bath. Leptogenesis occurs above the electroweak scale during the era of radiation domination. The Hubble parameter can therefore be expressed in terms of T as follows,
where g * is the effective number of relativistic degrees of freedom 1 and M Pl 1.22 · 10 19 GeV the Planck mass. The regimes that are typically distinguished are the weak washout regime for K 1 < ∼ 1 and the strong washout regime for K 1 > ∼ 4, with a transition region in between. Next, we calculate the CP asymmetry parameter ε for
In this expression, the function f originates from the interference of the tree-level diagram with the one-loop vertex correction and is given by
with
In the limit of m η = 0 this reduces to the well-known result [64] 
Similarly, we obtain for the self-energy contributions
However, if we neglect flavor effects and therefore sum over the final state flavor α, the second term in H ij may be omitted since it will not contribute to the imaginary part in Eq. (14) . In this case, we obtain the simpler expression
where we defined
Furthermore, the decay width Γ 1 that appears in the decay parameter K 1 can be calculated to be
Finally, before we turn to the different cases of two and three RHNs, it is worth having a closer look at the frequently appearing expression h † h. Using the CI parametrization, we find from Eq. (11) that
Here, M R ν := RD Mν R † only depends on the masses of the active neutrinos through D Mν := diag(m 1 , m 2 , m 3 ) and the (complex) CI parameters, whereas the dependence on other parameters like M i and λ 5 appears by means of Λ i . Interestingly enough, the matrix h † h is independent of the PMNS matrix U . This indicates that the CP -violating phases relevant for leptogenesis are independent of the CP -violating phases in the PMNS matrix.
2 Similarly, it shows that unflavored leptogenesis is insensitive to the values of the neutrino mixing angles (see our discussion in the introduction regarding the analyses in [47, 48] ).
IV. TWO RIGHT-HANDED NEUTRINOS
Using the formulas from the previous section and specifying them to the case of two RHNs, we can check whether low-scale leptogenesis is feasible in this scenario. With two RHNs, only two active neutrinos obtain a nonzero mass and we distinguish between normal ordering (NO) and inverted ordering (IO),
where ∆m
To avoid duplicating equations, we introduce the notation m h for the heaviest active neutrino and m l for the lightest (massive) active neutrino.
In the case of only two RHNs, the matrix R in Eq. (11) becomes a function of only one complex rotation parameter z = z R + iz I [65] , where z R ∈ [0, 2π) and z I ∈ R.
In this case, the CP asymmetry parameters ε iα also depend on factors of the form h * αi h αj (see Eq. (14)) that are sensitive to the CP -violating phases in the lepton sector at low energies.
We can therefore readily maximize the CP asymmetry in Eq. (18) over all possible values of z,
Here, we used that |F (r 21 , η 1 )| < ∼ 3/2 for a hierarchical RHN mass spectrum. This is essentially the DI bound [15] , except for the additional factor (2π 2 /λ 5 ) ξ 2 (see Eq. (9)). It is interesting to note that the factor m h − m l suggests that, in the 2RHN case, the CP asymmetry parameter can be larger for NO than for IO.
The final baryon-to-photon ratio η B = −Cε 1 κ 1 follows from ε 1 after multiplication with an efficiency factor κ 1 , which accounts for the effect of washout, and a conversion factor C 0.01 [18] , which accounts for sphaleron conversion and entropy production after the generation of the lepton asymmetry. The efficiency factor κ 1 is a function of the decay parameter K 1 , for which we obtain
For 0 ≤ λ 5 ≤ 4π and 3 m η ≤ M 1 (or η 1 ≤ 1/9), we find that K 1 cannot become smaller than K min 1
10. For large parts of the parameter space, K 1 is even significantly larger, K 1 ∼ 10 3 and above. We are therefore always in the strong washout regime. This means that we can safely assume N 1 -dominated leptogenesis and neglect washout through scattering effects. Additionally, the large value of K 1 also enables us to use the approximation for the efficiency factor in the strong washout regime [18] ,
Taking everything together, we find
where K 1 inside the logarithm is again given by the expression in Eq. (24) . One interesting aspect of this formula is that η B only depends logarithmically on λ 5 (through K 1 ), which means that it has only a minor influence on the generated baryon asymmetry. Furthermore, since K 1 ∼ 1/λ 5 , the baryon asymmetry η B actually decreases if λ 5 is decreased; so the perturbative limit λ 5 = 4π allows for the largest generated baryon asymmetry. Remarkably enough, this is contrary to the naive expectation that a smaller value of λ 5 would result in a larger baryon asymmetry in consequence of a larger CP asymmetry. Let us These numbers are basically identical to those that one obtains in the strong washout regime (K 1 > ∼ 10) of standard type-I leptogenesis. The reason that in this scenario not much changes is that, in the strong washout regime, we have 2 (neglecting logarithmic dependencies) and thus all the prefactors that enter into h † h, like λ 5 , cancel. We conjecture that this is a generic feature of radiative neutrino mass models in which the active neutrino mass matrix is only modified by more or less simple multiplicative factors. However, this statement relies on being in the strong washout regime, which can depend, along other factors, on the mass of the lightest active neutrino, as we will see in the next part, when looking at the 3RHN case.
V. THREE RIGHT-HANDED NEUTRINOS
The most crucial difference between the 3RHN case and the 2RHN case is that, with three RHNs, we are not necessarily in the strong washout regime. This is due to the fact that, in this case, the CI parametrization R has three instead of one free parameter -it can be written as the product of three complex rotation matrices R(z 23 ), R(z 13 ), and R(z 12 ) -and thus the accessible parameter space is vastly extended. Furthermore, we make two important observation: First, the factor of (2π 2 /λ 5 ) ξ 1 , which is peculiar to the scotogenic model, can only increase K 1 in the relevant parameter space (see Eq. (24)). And second, an explicit calculation shows that M
≥ m l . These insights, together with the values for M Pl , v, etc., imply that
Consequently, we are in the strong washout regime as long as m l > ∼ 10 −3 eV and η 1 ≈ 1 (or m η ≈ M 1 ). In this regime, we end up with the same result as in the 2RHN case for NO or standard type-I leptogenesis, M min 1 ∼ 10 10 GeV. However, with three RHNs, the distinction between NO and IO disappears because the mass difference of the heaviest and lightest (massive) active neutrinos is (nearly) identical in both cases.
For the maximally possible CP asymmetry, we find by explicit calculation that it is independent of z 23 . Moreover, an explicit parameter scan indicates that the optimal values for NO are z 12 = 0 and z 13 R = ±z 13 I , where the relative sign of z 13 I determines the overall sign of the CP asymmetry. For IO, one similarly obtains z 12 R = π/2, z 12 I = 0 and z 13 R = π/2 ± z 13 I . In close resemblance to the 2RHN case, we arrive at a DI-type bound,
which again includes a factor of (2π 2 /λ 5 ) ξ 3 that derives from the structure of the active neutrino mass matrix in the scotogenic model.
To study leptogenesis in the 3RHN case, we split the task into an analytical and a numerical part. First, we will analytically solve the scenario without ∆L = 2 washout, then determine when ∆L = 2 washout starts to become important, and finally confirm and extend our analytical understanding with a numerical analysis.
A. Analytical Insights
In the case with three RHNs and negligible ∆L = 2 washout, we have to find a new solution strategy because we are no longer automatically in the strong washout regime for all possible values of λ 5 and therefore Eq. (25) does not hold anymore. However, we can always make use of the coupling λ 5 to achieve the maximally possible η B = −Cε 1 κ 1 . To do so, let us consider the connection between ε 1 and K 1 through λ 5 . From Eqs. (24) and (29), we find K 1 ∼ 1/λ 5 and ε 1 ∼ 1/λ 5 (which also holds in the non-optimized case), so ε 1 ∼ K 1 and therefore η B ∼ κ 1 (K 1 ) K 1 . This means that, in order to maximize the baryon asymmetry η B , we have to choose λ 5 such that κ 1 (K 1 ) K 1 becomes maximal. Taking into account κ 1 (K 1 ) as determined in [18] , we find for thermal as well as for vanishing initial N 1 abundance that, to a good approximation, K 1, opt ≈ 3 maximizes η B , corresponding to κ 1, opt ≈ 0.15. This leaves only ε 1 to be optimized.
Recasting Eq. (24) as λ 5, opt (K 1, opt ) and using it in the expression for ε 1 , we can optimize over the CI parameters. We find the same optimal CI parameters as for the DItype bound (cf. the discussion above Eq. (29)), with z 13 I now being fixed to the optimal value z 13 I ≈ m l / (2m h ). Therefore, the optimal value of λ 5 after optimization over the CI parameters becomes
Neglecting η 1 and using ξ 1 ∼ 1, we find that, for a lightest active neutrino mass m l > 10 −3 eV, i.e., in the strong washout regime, the optimal value for λ 5 is 4π, as expected from the 2RHN case. Larger λ 5 values would violate perturbativity and are, hence, not allowed.
On the other hand, the situation drastically changes if we consider one small active neutrino mass, m 2 l m 2 h , which allows us to explore the weak washout regime. In this case, we find for the upper limit of the baryon-tophoton ratio
and therefore for the lower limit on the mass M 1 ,
This expression, which is valid for m l < ∼ 10 −3 eV down to the point where ∆L = 2 washout starts to become important, clearly shows the relevance of the mass of the lightest active neutrino. The reason why we can achieve lower values of M min 1 compared to standard thermal leptogenesis is that, in the scotogenic model, the new parameter λ 5 enables us to go to the sweet spot of the N 1 decay parameter, K 1 → K 1, opt ≈ 3, while keeping all other parameters fixed. However, this optimization can only enlarge K 1 and cannot be continued to arbitrarily small values of λ 5 . As we will see, using λ 5 in this way also increases the ∆L = 2 washout [50] , which will, in combination with the electroweak sphalerons dropping out of equilibrium, eventually provide us with an absolute lower bound on M 1 .
Next, let us discuss the effect of ∆L = 2 washout processes in the thermal bath. These processes consist of two-to-two scatterings, η ↔¯ η * and ↔ η * η * , that are mediated by RHNs in the intermediate state and that violate lepton number by two units. To determine their effect on the final asymmetry, we first compute the rate of ∆L = 2 washout processes, Γ ∆L=2 , in units of Hz. To do so, we use the averaged matrix element squared from [18] and take into account the modified CI parametrization for the Yukawa couplings in the scotogenic model in Eq. (11) . This procedure results in
Here, we also assumed η 1 ≈ 0, for simplicity. The factor g = 2 in Eq. (33) counts the internal degrees of freedom 3 A similar expression can be found in [18] and [50] . The authors of [18] use v = 174 GeV, whereas we work with v = 246 GeV.
per active neutrino ν α L or per charged lepton α L . The effective mass parameter m ξ is defined as follows,
where the last line uses the previously determined optimal CI parameters. This expression for ∆W is identical to the result in [18] , only with an additional factor of (2π 2 /λ 5 )
2 for the scotogenic model in front and a slightly modified effective mass m ξ .
Assuming that the ∆L = 2 washout becomes important after the baryon asymmetry generation is finished, we can split the two different washout contributions and use
dz ∆W (35) for the total efficiency factor. The time z B when the baryon asymmetry generation is finished has been calculated in [18] and is given by z B (K 1 ≈ 3) ≈ 3.5. Since the case of vanishing initial N 1 abundance is similar but worse (lower κ 1 ) compared to the case of thermal initial abundance, we will focus on the latter from now on. We, however, caution that, for small N 1 couplings, a thermal initial abundance can no longer be generated via the usual inverse decays in the thermal bath. In this case, we have to assume some additional interactions at high temperatures that first yield a thermal N 1 abundance and then freeze out before the onset of leptogenesis. For our purposes, it will not be necessary to specify the exact nature of these additional interactions. As an example, we merely mention that an extra gauge interaction mediated by a heavy Z vector boson could possibly help establish a thermal N 1 abundance (see [66] and references therein). Apart from that, we will simply use the assumption of thermal initial conditions as a working hypothesis.
Explicitly calculating the integral in Eq. (35) and taking into account Eq. (30) with η 1 ≈ 0 and Eq. (32) for the smallest possible M 1 , we obtain the following expression,
We expect that ∆L = 2 washout becomes important as soon as
dz ∆W > 0.1, which corresponds to a 10% decrease of κ tot 1 . If we further assume that ξ i ∼ 1, we find that ∆L = 2 washout becomes relevant for
This critical m l value at which ∆L = 2 washout becomes important is derived using a rigid relation between λ 5 and m l (see Eq. (30)). The numerical analysis in the next section will, however, show that the true critical value of m l is actually smaller by roughly one order of magnitude, m l < ∼ 10 −7 eV, while still approximately fulfilling Eq. (32) for M min 1
. As we will see, this is mostly the outcome of a less rigid relation between λ 5 and m l .
B. Numerical Insights
Complementary to our analytical calculations, we also perform a fully numerical analysis of leptogenesis in the scotogenic model. This will allow us to validate our analytical results and provide us with further insights. Let us consider the Boltzmann equations for N 1 -dominated leptogenesis including the effect of ∆L = 2 washout,
with the z 1 -dependent quantities
Here, K i (z 1 ) denote the modified Bessel functions of the second kind and ∆W is given by Eq. ( 4 One might worry that the asymmetry generated in the η-η-sector through N 1 decays (cf. [67] ) is not accounted for in the Boltzmann equations. However, for values of λ 5 > ∼ 10 −4 , as are relevant in our case, the ηη ↔ HH interactions mediated by the λ 5 coupling are strong enough for the asymmetry carried by the inert doublets to be negligible.
Based on the Boltzmann equations (38) and (39), we perform a parameter scan of leptogenesis in the scotogenic model, the result of which is shown in Fig. 1 . In this figure, 4 The conversion factor is given by C = 3/4 C sph g 0 * /g * with C sph = 8/23, g 0 * = 43/11 and g * = 116. Note that, in the sphaleron conversion factor C sph , we account for the presence of two Higgs doublets in our model. Likewise, the effective number of relativistic degrees of freedom g * accounts for the presence of three RHNs in our model at high temperatures. Using the numerical results from Fig. 1 , we can find an approximate expression for the upper limit of the baryon-to-photon ratio in the region where M 1 m η and ∆L = 2 scatterings are important, which can be compared to Eq. (31) for the region where those scatterings are negligible. Approximately, we find
The comparison with Eq. (31), which has exponents of −1 for m l and 1 for M 1 , shows a weaker dependence on both variables since the exponents are closer to zero. This is also reflected in a bigger spacing between the contours in the corresponding region of Fig. 1 . For further insights, Fig. 2 gives an impression of how λ 5 and the decay parameter K 1 evolve in dependence of M 1 and m l for the correct baryon-to-photon ratio η B Figure 2 . Dependence of the scalar coupling λ5 and the decay parameter K1 on M1 and m l , respectively, for the observed photon-to-baryon ration ηB (cf. the red line in Fig. 1 ).
(cf. the red line in Fig. 1 ). The transition between the regime in which ∆L = 2 scatterings are negligible and where they are important is well visible as a kink in the decay parameter K 1 . As long as ∆L = 2 scatterings are negligible, K 1 is constant and of O(1), while we have to resort to the weak washout regime otherwise. The reason that the constant value of K 1 ≈ 1.5 differs from K 1,opt = 3 as used in the analytical calculation, is that K 1,opt = 3 leads to a reasonably accurate expression for η B while enabling us to treat the two different cases of thermal and vanishing initial N 1 abundance simultaneously, which would not be possible for smaller values of K 1 . Furthermore, Fig. 2 also shows how the dependence of λ 5 on m l changes when ∆L = 2 scatterings become important around m l ≈ 10 −6 eV, which is the "less rigid relation" mentioned at the end of Sec. V A.
In addition to the parameter scan with some fixed parameters, we also choose specific points in the m l -M 1 plane that reproduce the measured η B and perform a complete scan over all CI parameters and λ 5 . Since the complete scans do not show any possible significant improvement through the variation of other parameters, we are confident that Fig. 1 does, . Small improvements are possible in the region where ∆L = 2 washout is important. However, these improvements are not bigger than the systematic uncertainties of our simplified approach in which we neglect flavor effects, etc. (see the discussion in Sec. II).
There are several aspects that can be seen from Fig.1 : First, it clearly shows that the lower bound on the N 1 mass crucially depends on the lightest active neutrino mass m l . This is a novel realization which, to our knowledge, has not yet been pointed out in the literature. Second, the analytical approximation as stated in Eq. (32) is in very good agreement with the numerical simulation. We are therefore confident that our analytical understanding indeed captures the relevant parameter relations. Third, our analytical approximation is a good approximation for even smaller m l values than expected (see Eq. (37) , since the lepton asymmetry generated in N 1 decays has to be transformed into a baryon asymmetry by electroweak sphalerons. After sphalerons fall out of equilibrium around T sph ≈ 130 GeV [68] , this conversion is no longer possible. Therefore, we demand that the generation of the baryon asymmetry completes before z B, sph = M 1 /T sph . Solving the Boltzmann equations with the optimal λ 5 value for small m l of λ 5 
This is the main result of our paper. Our analysis demonstrates that the scotogenic model with three RHNs allows to realize successful leptogenesis for N 1 masses down to ∼ 10 TeV. The corresponding parameters for which this is possible are given above and in the description of Fig. 1 
∼ 10
4 GeV determine the neutrino Yukawa matrix via the CI parametrization in Eq. (11) together with the PMNS matrix for which we used the best-fit PDG16 values [1] with the Majorana phases set to zero. Let us explicitly state this matrix for illustrative purposes, h =
This Yukawa matrix looks perfectly natural. 5 We, thus, conclude that no particular tuning of parameters seems necessary to generate the baryon asymmetry. The only physical assumption we have to make is that the Yukawa couplings of the N 1 neutrino must be suppressed compared to those of the N 2,3 neutrinos. Apart from that, the Yukawa couplings in Eq. (46) have a rather generic and natural structure: the large hierarchies among the different entries are not much larger than those in the charged-lepton Yukawa matrix, and the small absolute values are protected by a global U (1) symmetry which emerges as h → 0. For the same reason, m l is stable against radiative corrections, too. At this point, it is also important to realize that our optimization in terms of the complex angles in the CI parametrization was not much more than a technical trick. Choosing particular values for the complex angles z 12 , z 13 , and z 23 must not be considered fine-tuning, as long as the corresponding physical quantities, i.e., the Yukawa couplings h αi do not show any signs of fine-tuning.
The necessary small masses of the lightest active neutrino for low-scale leptogenesis (m l ∼ 10 −12 eV) are an interesting aspect of the model that makes this region of parameter space accessible to experiments. The tritium beta decay experiment KATRIN [69] , e.g., intends to perform a direct measurement of the mass of the electron neutrino, m
i . It will soon start operation and might falsify low-scale leptogenesis in the scotogenic model, if it should find evidence for a lightest active neutrino mass close to its design sensitivity, m l ∼ 0.2 eV. Similarly, the PROJECT 8 collaboration is currently pioneering the development of a next-generation tritium endpoint experiment based on the detection of single-electron cyclotron radiation [70] . Once fully developed into a neutrino mass experiment, this approach will allow to probe the entire active neutrino mass range down to m l → 0 in the case of an inverted mass hierarchy.
VI. CONCLUSION
The scotogenic model is the simplest model of radiative neutrino masses and an attractive framework for the 5 The smallness of some of the imaginary parts is due to our choice of z 23 = 0 and not necessary for successful leptogenesis.
unified description of SM neutrino masses, DM and baryogenesis. In this paper, we revisited thermal leptogenesis in the scotogenic model, demonstrating that it allows to accommodate low-scale leptogenesis via the decay of hierarchical RHNs down to rather low RHN masses. In our analysis, we explicitly distinguished between the cases of two and three RHNs. In both cases, we derived a Davidson-Ibarra-type bound on the CP asymmetry. For two RHNs, we argued that leptogenesis inevitably occurs in the strong washout regime. Consequently, this scenario does not substantially differ from standard thermal leptogenesis in the type-I seesaw model. In an explicit analytical calculation, we showed that this follows from the fact that all new prefactors in the scotogenic model essentially cancel. Therefore, for a normal SM neutrino mass hierarchy, the lightest RHN must have a mass of at least M min 1
∼ 10
10 GeV, while for an inverted mass hierarchy, it must have a mass of at least M min 1
12 GeV.
In the 3RHN case, the difference between normal and inverted ordering is negligible and the weak washout regime becomes accessible. However, the efficiency of washout and, hence, M is directly proportional to m l . For smaller m l masses, the ∆L = 2 washout becomes important. Nevertheless, even in this regime, the bound on M 1 can still be lowered by delaying the decay of the N 1 neutrinos. As we were able to demonstrate, this can be achieved by assuming suppressed N 1 Yukawa couplings. The generation of the lepton asymmetry is then delayed which allows to circumvent part of the washout. This mechanism is limited by the requirement that leptogenesis must complete before the electroweak sphalerons drop out of equilibrium. In total, we, thus, obtain a global lower limit on the mass of the lightest RHN of M min 1 ∼ 10 4 GeV. This result needs to be compared with the typical mass bound in standard thermal leptogenesis, M min 1
9 GeV, which is larger by around five orders of magnitude. We therefore conclude that, in the scotogenic model, one is able to lower the energy scale of leptogenesis compared to the standard type-I seesaw case quite significantly -without any degeneracy in the RHN mass spectrum! Another important consequence of the small N 1 Yukawa couplings is a very light active neutrino mass eigenstate. In the case of the lowest possible N 1 mass, M 1 ∼ 10 4 GeV, we find that the lightest active neutrino must have a mass of around m l ∼ 10 −12 eV. This is an intriguing prediction that will be tested in future experiments that aim at measuring the absolute neutrino mass scale.
Our analysis in this paper only accounted for the most important effects that are relevant to the generation of the lepton asymmetry: decays and inverse decays of RHNs as well as the associated ∆L = 2 washout processes. In this way, we were able to perform most of our calculations analytically and in a comparatively transparent fashion. In particular, we thus arrived at two important results that are complementary to existing results in the literature: (1) It is, in fact, not possible to realize low-scale leptogenesis in the scotogenic model if one is to work with two RHNs only. (2) On the other hand, in the 3RHN case, it is possible to realize low-scale leptogenesis in the scotogenic model, and in that case, it is not even necessary to assume an approximate RHN mass degeneracy. In future work, it will be interesting to refine the results of our analysis by incorporating several effects that were neglected in this paper. This includes flavor effects, ∆L = 1 scattering processes, and a more careful treatment of kinematic effects in the regime of large η masses, m η ∼ M 1 . We expect that such a refined analysis may still lower the absolute lower on M 1 by a factor of O (1 · · · 10), similar to standard thermal leptogenesis. Apart from that, we are confident that our qualitative findings will remain unchanged: The scotogenic model is a promising alternative to the type-I seesaw model that allows to lower the energy scale of thermal leptogenesis by many orders of magnitude.
